Nanometer-sized metal particles metal nanoparticles are attracting significant attention in nanoscience and nanotechnology because of their unique physical properties e.g., optical and catalytic properties that are distinct from those of bulk materials [1] [2] [3] [4] [5] . One of the important tasks to present such unique properties of metal nanoparticles is an appropriate stabilization of metal nanoparticles to disperse homogeneously in media. Stabilization of metal nanoparticles is typically attained by surface modification to enhance the electrostatic repulsive interaction among particles or to form a physical barrier against other approaching particles [1] [2] [3] [4] [5] . In addition, coating of an inorganic material such as silica on metal nanoparticles is a strategy for colloidal stabilization of metal nanoparticles, that is, preparation of metal-silica core-shell particles [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Silica shell surrounding metal nanoparticles provides various advantages such as greatly enhanced colloidal stability of nanoparticles dispersed in water, control of the distance between core particles within assemblies through shell thickness and optical properties raised from metal nanoparticles and silica [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Therefore, there are a lot of studies on metal-silica core-shell particles prepared in liquid media [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The reported methods typically involve three steps in the first step, surface modification of the metal nanoparticles to vitreophilic using silane coupling agents such as amino-or thiolterminated silicon alkoxides as surface primer, in the second step, slow silica deposition in a sodium silicate aqueous solution, and in the third step, further growth of the silica shells through sol-gel reaction of silicon Toshio SAKAI , † , Hiroto ENOMOTO , Hideki SAKAI , and Masahiko ABE , Direct coating of silica on naked-gold nanoparticles AuNP@SiO2 and direct deposition of naked-gold nanoparticles on silica spheres SiO2@AuNP were achieved utilizing 3-mercaptopropyl trimethoxysilane MPTMS as in tandem a surface modifier and a silica precursor in an aqueous solution in the absence of any surface pre-treatment of the naked-AuNPs and SiO2 spheres using coupling agents and amphiphiles. The AuNP@SiO2 was prepared with the addition of an ammonia solution prior to a MPTMS aqueous solution into a naked-AuNP dispersion pre-prepared from sonochemical reduction of AuCl4 in an aqueous solution. We found that the addition of ammonia prior to MPTMS was critical for proper coating of SiO2 on the naked-AuNPs. Furthermore, the SiO2 shell thickness varied in the range of 40 170 nm with the content of MPTMS that we applied in this experiment. Base condition solution pH was also an important factor for SiO2-coating on the naked-AuNPs. The SiO2@AuNP was formed from sonochemical reduction of AuCl4 in a SiO2 sphere dispersion pre-prepared from sol-gel reaction of MPTMS in an aqueous solution.
alkoxide in ethanol/ammonia mixtures. These methods allow for control of the shell thickness and the number of core particles. However, concerns and problems remain, such as multiple steps required and impurities into the particles introduced from the coupling agents and sodium silicate. Therefore, a simplified procedure and minimized material use, for example, no utilization of surface modifiers such as coupling agents and amphiphiles, are desired for preparation of metal-silica core-shell particles 9, 14 . In addition, the replacement of many conventional alcohols as solvents used in sol-gel reaction with alternatives benign to the environment is an important challenge toward achieving the goal of green chemical processing.
In the present work, we examined direct fabrication of silica-coated naked-gold nanoparticles AuNP@SiO2 and naked-gold nanoparticle-deposited silica spheres SiO2@AuNP using 3-mercaptopropyl trimethoxysilane MPTMS in aqueous media in the absence of any surface pre-modification processes of the naked-AuNPs and the SiO2 spheres using coupling agents and amphiphiles. 3-Mercaptopropyl trimethoxysilane MPTMS is expected to act as in tandem a surface modifier and a silica precursor for selective formation of SiO2 shell on naked-AuNP or deposition of nakedAuNPs on SiO2 sphere because of strong affinity of sulfur S in MPTMS with AuNPs. Indeed, we were successful to prepare AuNP@SiO2 with the addition of an ammonia solution prior to a MPTMS aqueous solution into a naked-AuNP dispersion pre-prepared through sonochemical reduction of AuCl4 in aqueous solutions in the absence of any stabilizing agents and reducing agents 18 . Naked-AuNP-deposited silica spheres SiO2@AuNP were also successfully prepared from sonochemical reduction of AuCl4 dissolved in a silica sphere aqueous dispersion pre-prepared through solgel reaction of MPTMS in an aqueous solution. So this system allows us utilization of water as a solvent and no surface pre-treatment of naked-AuNPs and SiO2 spheres using coupling agents and amphiphiles.
Naked-gold nanoparticles naked-AuNPs were prepared through sonochemical reduction of AuCl4 in an 0. 1 18 . Naked-AuNPs thus prepared typically involves spherical nanoparticles with the average diameter of 26 nm and triangular/hexagonal plates with the side length of 30 250 nm see 18 . Ultra-pure water 18.2 MΩ cm that we used in this experiment was purged by argon gas to promote the radical H and OH formation from water 22 .
Preparation of silica-coated gold nanoparticles AuNP@SiO2 was examined by two methods i the addition of a 25 ammonia solution NH3, Wako prior to a 1.0 vol 3-mercaptopropyl trimethoxysilane MPTMS, Aldrich aqueous solution into a nakedAuNP aqueous dispersion, and ii the addition of a 25 ammonia solution following a 1.0 vol MPTMS aqueous solution into a naked-AuNP aqueous dispersion at 25 , at various mixing ratios volume fractions of 1.0 vol MPTMS aqueous solution to the nakedAuNP dispersion MPTMSaq./Naked-AuNPsdis. . And then the sol-gel reaction of MPTMS proceeded at 25 for 12 24 h the period was examined in different pH conditions because of the different reaction rate . For comparison purposes, 3-aminopropyltrimethoxysilane APTMS, Aldrich and n-propyltrimethoxysilane PTMS, Aldrich were used as silica precursors for preparation of AuNP@SiO2.
Gold nanoparticle-deposited silica spheres SiO2@ AuNP were prepared from sonochemical reduction of 23 . The solution pH was adjusted to be 10 with the addition of the ammonia solution. The SiO2 sphere dispersion thus prepared typically involves submicronsized SiO2 spheres 1 µm .
Size and morphology of the obtained AuNPs, AuNP@SiO2 and SiO2@AuNP were observed by transmission electron microscopy TEM H-7650, Hitachi High Technologies Co. at an accelerating voltage of 120 kV under a low electron dose. Optical properties of AuNPs and AuNP@SiO2 were investigated by observing changes in the absorption spectra centered at 530 540 nm originating from surface plasmon resonance SPR of the AuNPs 6 using a ultraviolet UV -visible spectrometer U-3310, Hitachi High Technologies Co. . Surface potential ζ-potential of the naked-AuNPs dispersed in water was determined with the laser Doppler method heterodyne method NICOMP 380ZLS, Particle Sizing System Co. .
3-Mercaptopropyl trimethoxysilane MPTMS that
we chose as a silica precursor in this experiment has been used as a surface modifier for linkage of metal nanoparticles and SiO2 spheres due to the strong affinity of sulfur S of MPTMS with metal nanoparticles 11, 24 . On the other hand, Lee et al. 23 have recently reported utilization of MPTMS as a silica precursor for one-step synthesis of SiO2 spheres in aqueous solutions. Then, we considered that MPTMS should act as in tandem a surface modifier and a silica precursor to achieve selective sol-gel reaction of MPTMS on AuNPs for formation of SiO2-coated AuNPs AuNP@SiO2 . Indeed, AuNP@SiO2 was successfully prepared by mixing of 1.0 vol MPTMS aqueous solutions with naked-AuNP aqueous dispersions containing ammonia the solution pH was adjusted to be 10 in the range of. MPTMSaq./Naked-AuNPsdis. 0.01 0.1 see . One AuNP with high contrast located inside SiO2 shell with low contrast was typically observed in TEM images see Fig. 2 .
We also examined preparation of AuNP@SiO2 with the addition of an ammonia solution following a MPTMS aqueous solution into a naked-AuNP aqueous dispersion. In this method, aggregates of AuNPs with SiO2 spheres were obtained in the range of MPTMSaq./Naked-AuNPsdis. 0.01 0.1 see but AuNP@SiO2 was not. In addition, diameter of the AuNPs observed as high-contrasted black dots in Fig. 3 These indicate that formation of SiO2-coated AuNPs AuNP@SiO2 is determined by a competition between sol-gel reaction of MPTMS on surface of the nakedAuNPs and aggregation process of the naked-AuNPs promoted by MPTMS in the aqueous solution this will be discussed in section 3.3 .
Lee et al. have reported that particle size of the SiO2 spheres produced from sol-gel reaction of MPTMS in aqueous solutions increased with content of MPTMS in aqueous solutions 23 . Similarly, we found that outer diameter of AuNP@SiO2 and thickness of SiO2 shell increased with content of the MPTMS aqueous solution added into the naked-AuNP dispersions see Fig. 2 . Average shell thickness estimated from TEM images increased from 40 nm to 170 nm with increasing content of the 1.0 vol MPTMS aqueous solution added to the naked-AuNP dispersion see . Consequently, maximum wavelength λmax of SPR was red-shifted with increase of shell thickness see . The absorption band originating from SPR of AuNPs is sensitive to both particle size and shape and to the properties of the surrounding media 6,9,15,25-27 . In particular, the effect of SiO2 shells around AuNPs with various thicknesses, and in various solvents on absorption band of SPR, has been predicted by Mie theory 6 . Red-shifts of SPR that we observed in the range of MPTMSaq./Naked-AuNPsdis. 0.01 0.04 are most likely due to a local increase of refractive index 6 . In the case of MPTMSaq./Naked-AuNPsdis. 0.1, the absorbance was over the detectable upper limit due to the high turbidity of the dispersion.
It is known that addition of ammonia promotes aggregation of gold nanoparticles due to increase of the ionic strength of solution caused by dissociation of ammonia 9 . Thus, the addition of silica precursor prior to ammonia into AuNP dispersion has provided better SiO2-coated AuNPs 9 . On the contrary, in our system, the addition of ammonia before MPTMS into the naked-AuNP aqueous dispersion led to the formation of SiO2 spheres containing a single AuNP core AuNP@ SiO2 while the addition of ammonia following MPTMS into the naked-AuNP aqueous dispersion did not form AuNP@SiO2. This means that ammonia plays critical roles for proper coating of SiO2 on the nakedAuNPs. Two possible roles of ammonia are considered for the proper coating of SiO2 on naked-AuNPs in our system. First is to increase colloidal stability of the naked-AuNPs. Surface potential ζ-potential of the naked-AuNPs increased from 30 mV to 44 mV with the addition of ammonia solution. Namely, colloidal stability increase of the naked-AuNPs with the addition of ammonia solution prevents the nakedAuNPs from aggregation promoted by MPTMS. The surface potential ζ-potential increase of the nakedAuNPs is most likely due to the adsorption of hydroxide ions OH onto surface of naked-AuNPs 18, 28 . Second is to control the sol-gel reaction rate of MPTMS on surface of the naked-AuNPs because base condition OH concentration is generally allowed to control the rate of sol-gel reaction. Namely, in the case of stronger base higher pH conditions, the sol-gel reaction on naked-AuNPs would be more dominant than aggregation of naked-AuNPs promoted by MPTMS due to the faster sol-gel reaction of MPTMS caused by higher concentration of OH ions adsorbed on the naked-AuNPs. Alternately, in the case of weaker base lower pH conditions, aggregation process of the naked-AuNPs promoted by MPTMS would be more significant than sol-gel reaction of MPTMS on naked- AuNPs due to the slower sol-gel reaction of MPTMS caused by lower concentration of OH ions adsorbed on the naked-AuNPs. Then, preparation of AuNP@SiO2 was tested in different base conditions at different ammonia concentrations in the pH range of 8 11 following the method i to evaluate a connection between sol-gel reaction rate and AuNP@SiO2 formation. For preparation in a solution of pH 8, SiO2 spheres formed separately from AuNPs and aggregates of AuNPs with SiO2 spheres were observed by TEM see . This is most likely due to the neutralization of OH adsorbed on the naked-AuNPs by hydrogen ions H dissociated from thiol group -SH of MPTMS. On the other hand, SiO2-coated AuNPs composed of a single AuNP core inside SiO2 sphere were obtained in the pH range of 9 11 see 2, and . Formation of SiO2 spheres and AuNP@SiO2 in the solutions of pH 8 and 9 required 24 h while formation of AuNP@SiO2 in the solutions of pH 10 and 11 completed within 12 h. These obviously indicate that formation of AuNPs@SiO2 depends on the base condition OH concentration on the surface of naked-AuNPs . We also noticed that the number of AuNP-core-free SiO2 spheres increased with higher pH value see Figs. 2, 6, 7 and 8 . Also merged SiO2 spheres and the resulting non-spherical AuNP@SiO2 were observed in the solution of pH 11 see Fig. 8 . So, too much ammonia OH ions promoted sol-gel reaction of MPTMS in the bulk solution to form individual SiO2 spheres and merged SiO2 spheres e.g., pH 11 see Fig. 8 . It seems that pH 10 is an optimum condition for SiO2-coated AuNP formation that we examined in this experiment see Fig. 2 .
As mentioned in section 3.1, 3-mercaptopropyl trimethoxysilane MPTMS that we used as a silica precursor in this experiment has been typically used as a surface modifier for linkage of metal nanoparticles and SiO2 spheres 11, 24 . There are several other modifiers such as 3-aminopropyltrimethoxysilane APTMS 6, 11, 24 . So we examined here preparation of SiO2-coated AuNPs using 3-aminopropyltrimethoxysilane APTMS and n-propyltrimethoxysilane PTMS following the same procedure with the MPTMS system method i to evaluate the effect of terminal group of silica precursor on the formation of SiO2-coated AuNPs. In the utilization of APTMS, naked-AuNPs dispersed in water precipitated to bottom of the vessel after mixing of a 1.0 vol APTMS aqueous solution with a naked-AuNP aqueous dispersion containing ammonia. TEM observation revealed that the precipitate was composed of AuNP aggregates see . In addition, TEM did not observe SiO2 spheres in the APTMS system see Fig. 9 . This indicates that APTMS promotes aggregation of AuNPs but not sol-gel reaction to form SiO2-coated AuNPs. In the case of PTMS, the naked-AuNPs were well dispersed after mixing of a 1.0 vol PTMS aqueous solution with a naked-AuNP aqueous dispersion containing ammonia, but SiO2 spheres formed separately from AuNPs see . These indicate that MPTMS is an appropriate silica precursor for direct SiO2-coating on AuNPs in the absence of any surface modifiers.
Finally, we examined direct deposition of nakedAuNPs on SiO2 sphere SiO2@AuNP in aqueous solutions. Silica spheres formed from MPTMS are expected to exhibit strong affinity with AuNPs due to the sulfur S in the MPTMS. This means that AuNPs would form selectively on the SiO2 spheres due to the affinity of sulfur S in SiO2 surface with AuNPs. Indeed, AuNPs-deposited SiO2 spheres SiO2@AuNP were prepared through AuCl4 reduction by 950 kHz ultrasound in the coexistence with SiO2 spheres pre-prepared in aqueous media see . The AuNPs deposited on SiO2 spheres were 7 nm in average diameter.
We explore here direct fabrication of silica-coated naked-gold nanoparticles AuNP@SiO2 and gold nanoparticle-deposited silica spheres SiO2@AuNP by combination of sol-gel reaction of silica precursors and sonochemical reduction of AuCl4 in aqueous solutions in the absence of any surface pre-treatment using coupling agents and amphiphiles. Formation of AuNP@SiO2 was achieved with the addition of an ammonia solution prior to a 3-mercaptopropyl trimethoxysilane MPTMS aqueous solution into a naked-AuNP aqueous dispersion but not for utilization of 3-aminopropyltrimethoxysilane APTMS and n-
